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INTRODUCTION 

The  achievement  of  higher  efficiency  heat  engines  and  heat  recovery 
systems  requires  the  availability  of  high- temperature , high-performance 
structural  materials.  Structural  ceramics  and,  more  recently,  ceramic 
matrix  composites  have  received  particular  attention  for  these  applications 
due  to  their  high  strength  and  excellent  resistance  to  corrosion,  erosion 
and  thermal  shock.  Even  with  these  positive  attributes,  improved  reliabil- 
ity and  extended  lifetime  under  service  conditions  are  necessary  for  struc- 
tural ceramics  and  ceramic  composites  to  gain  wide  industrial  acceptance. 
This  reliability  is  only  achieved  with  improved  knowledge  of  in-service 
damage  modes  and  failure  mechanisms,  and  the  processing  knowledge  to 
improve  this  performance  by  microstructural  modifications.  The  inherent 
problems  are  mechanical  and  chemical  in  nature  and  are  enhanced  by  the  high 
temperatures,  reactive  environments,  and  extreme  thermal  gradients  and 
thermal  cycling,  to  which  these  materials  are  subjected. 

With  an  objective  of  improved  performance  for  heat  engine /heat  recov- 
ery applications,  the  NIST  program  addresses  these  problems  through  a de- 
termination and  characterization  of  major  toughening  mechanisms  in  ceramic 
composites,  examining  both  model  crack-fiber  systems  and  "real"  composites. 
A key  aspect  of  the  program  is  a determination  of  the  critical  processing 
factors  which  influence  microstructure  and  interfacial  behavior  in  these 
materials,  and  which  thereby  influence  these  toughening  mechanisms.  The 
activities  of  the  program  are  grouped  under  two  major  work  areas,  each 
designed  to  develop  key  data,  associated  test  methods  and  companion  predic- 
tive models.  The  status  of  these  two  work  areas  are  detailed  below. 

Also  in  ORNL/FMP- 89/1 , Fossil  Energy  Materials  Program,  R.  R.  Judkins, 

Manager,  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN , 1989. 
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DISCUSSION  OF  CURRENT  ACTIVITIES 


NIST-1.1.  Crack-Fiber  Interactions. 

Interface  Properties  of  a Model  Composite  System  with  Metallic  Interlayers 

Summary . The  toughening  effect  that  fibers  and  whiskers  engender  to 
brittle  ceramics  arises  from  several  phenomena,  including  crack  deflection, 
reinforcement/matrix  debonding,  crack  bridging,  and  frictional  pullout. 
These  characteristics  are  dependent  upon  the  fiber/whisker  radius  and 
length,  the  physical  properties  of  the  reinforcement  and  the  matrix,  the 
interfacial  chemistry,  and  the  stress  state  at  the  interface.  In  current 
activities  we  have  concentrated  on  the  interface  between  the  reinforcement 
and  the  matrix.  Residual  stresses  at  this  interface  arise  primarily  from 
the  thermal  expansion  mismatch  between  the  reinforcement  and  the  matrix, 
but  are  influenced  by  the  chemistry  of  the  interfacial  bond  and  the 
rheological  properties  of  the  matrix  during  processing.  This  second  factor 
is  particularly  important  for  glass  matrices.  Both  factors  are  processing 
sensitive  so  that  the  residual  stresses  at  the  interface  at  room 
temperature  are  thermal  history  dependent. 

In  the  present  study  we  examine  the  influence  of  a ductile  interfacial 
layer  on  the  toughening  effect  that  a single  SiC  fiber  engenders  to  a 
brittle  glass  matrix.  The  interface  mechanics  of  the  system  are  addressed 
both  as  a fiber  debond/pullout  problem  and  as  a crack/fiber  interaction 
problem . 

Background.  Previous  work  in  this  area1 ■ 2 ■ 3 , using  the  model 
composite  system  of  SiC  monofilaments  [ACVO  SCS-6  SiC]  as  a reinforcement 
in  a borosilicate  glass  matrix  [ Pyrex  glass,  #7740],  has  shown  that 
enhanced  crack  resistance  can  be  built  into  the  glass.  The  toughening 
increment  has  been  shown  to  be  as  much  as  22%  for  reinforcement  by  a single 
fiber.  The  work  presented  here  builds  upon  this  experience  and  examines 
the  influence  of  metallic  interlayers  on  this  toughening  increment. 
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Sample  Fabrication.  Test  specimens  were  fabricated  by  diffusion 
bonding  of  the  fibers  between  borosilicate  glass  plates  as  detailed  in  a 
previous  report1 . Specimens  were  prepared  with  the  fiber  surface  in  the 
as-received  condition  as  well  as  with  a thin  metallic  nickel  coating.  The 
nickel  was  electrodeposited  on  the  fiber  surface  to  various  thicknesses 
between  1 ^m  and  22 

The  processing  conditions  for  each  specimen  is  detailed  in  Table  1; 
nominally  each  specimen  was  fabricated  under  similar  conditions.  The 
maximum  processing  temperature  for  each  specimen  was  706 °C,  after  which  the 
specimen  was  cooled  to  room  temperature  at  nominally  the  same  rate. 
Accordingly,  the  rheological  response  of  the  glass  matrix  should  be  the 
same  for  these  studies,  and  the  only  variable  affecting  the  interfacial 
properties  should  be  the  presence  of  the  metallic  interfacial  layer  and  its 
thickness . 

Table  1.  Fabrication  Conditions  for  Mechanical  Test  Samples. 


FIBER  COATING 

TIME  AT  660°C 

TIME  AT  706 °C 

none 

3hrs : 25min 

2hrs : 20min 

1 yum  Nickel 

3:40 

1:45 

9 n m Nickel 

3:35 

1:55 

22  /xm  Nickel 

4:00 

1:55 

Fiber  Pullout  Test.  Assessment  of  the  influence  of  the  metallic 
interfacial  layer  on  the  micromechanics  of  the  matrix/nickel/fiber 
interfaces  was  achieved  using  the  single  fiber  pullout  test.  The  test 
geometry  and  equipment  used  were  described  in  the  previous  report1 . 

Figure  1 shows  a typical  fiber  pullout  test.  The  debond  shear 
strength,  Sd , of  the  fiber/matrix  interface  is  given  by 

Sd  = Pd/2rl  (1) 
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where  Pd  is  the  debond  load,  r is  the  fiber  radius,  and  1 is  the  embedded 

length  of  fiber  in  the  matrix.  The  average  frictional  shear  resistance,  r, 

is  given  by 

r = Pf/2rl  (2) 

where  Pf  is  the  load  as  the  fiber  begins  to  slide.  Eqs . (1)  and  (2)  are  an 

approximation  to  the  actual  behavior,  but  are  sufficient  for  the  present. 

As  seen  in  Figure  2,  the  debond  shear  strength  and  the  frictional 
shear  resistance  are  sensitive  to  the  thickness  of  the  nickel  coating.  The 
uncoated  fiber  has  the  highest  debond  strength  and  frictional  resistance. 

As  the  thickness  of  the  nickel  coating  is  increased  these  two  stresses 
continue  to  decrease  with  the  22  ^m  coated  fiber  having  the  lowest  values. 

Examination  of  the  specimen  after  the  pullout  test  revealed  that  the 
fibers  pulled  away  from  the  nickel  coating  leaving  it  still  bonded  to  the 
glass  matrix.  Thus,  it  appears  that  the  SiC  fiber/nickel  interface  is 
weaker  than  the  nickel/glass  interface  and  has  a lower  sliding  friction. 

Fracture  Resistance  Behavior.  The  double -cleavage , drilled- 
compression  (DCDC)  test  geometry  was  used  to  assess  the  fracture  resistance 
behavior  of  the  nickel  coated  fiber  in  comparison  to  the  uncoated  fiber  in 
the  glass  matrix.  The  change  in  applied  stress  intensity  factor,  Kx , as  a 
crack  propagated  perpendicular  to  the  reinforcing  fiber  was  monitored  as  a 
function  of  crack  extension  for  both  coated  and  uncoated  specimens.  Two 
tests  were  conducted  for  each  composite.  The  results  are  shown  in  Fig.  3. 

All  fibers,  regardless  of  surface  preparation,  gave  an  enhanced 
toughness  to  the  glass  composite  compared  to  that  of  the  unreinforced 
glass.  No  fibers  broke  in  the  path  of  the  advancing  crack,  but  were  all 
debonded  and  frictionally  pulled  out.  Scatter  in  the  results  makes  it 
difficult  to  assess  the  effectiveness  of  the  nickel  coating  from  the 
applied  stress  versus  crack  length  curves.  The  toughening  effect  of  the 
fiber  can  be  quantified  as  an  incremental  toughening  parameter,  KImax/KIC, 
where  KImax  is  the  maximum  applied  stress  intensity  factor  and  KIC  is  the 
fracture  toughness  of  the  unreinforced  glass  (0.77  MPa*7m  in  this  case). 
This  factor  is  plotted  in  Figure  4 versus  the  fiber  coating  thickness. 
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Figure  1.  Load-displacement  curves  for  single  fiber  pull-out  tests: 

(a)  Uncoated  SiC  fiber  in  glass  matrix  and  (b)  Nickel-coated 
SiC  fiber  in  glass  matrix. 


Depth  of  Nickel  on  Fiber  (pm) 


Figure  2.  Debond  shear  stress  (filled  squares)  and  frictional  pull-out 

stress  (open  squares)  as  a function  of  fiber  coating  thickness. 
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Figures  3a  and  3b. 


Applied  stress  intensity  factor  as  a function  of 
crack  size  for  the  DCDC- fracture  mechanics  specimen. 
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Figures  3c  and  3d.  Applied  stress  intensity  factor  as  a function  of 

crack  size  for  the  DCDC- fracture  mechanics  specimen. 


7 


We  might  expect  the  same  trend  in  toughening  behavior  with  coating 
thickness  as  the  debond  strength  and  frictional  shear  resistance,  that  is  a 
decreasing  toughness  increment  with  increasing  coating  thickness.  This  has 
not  unequivocally  been  observed.  The  majority  of  the  specimens  with  coated 
fibers  did  indeed  have  a lower  toughness,  but  two  specimens  (one  at  1 ^m 
and  one  at  22  /xm)  had  greater  toughness  than  the  uncoated  fiber  reinforced 
specimens.  It  is  well  to  keep  in  mind  that  the  pullout  tests  primarily 
measured  the  fiber/nickel  interface,  which  was  weaker  than  the  fiber/glass 
interface.  However,  when  a crack  interacts  with  the  reinforcement  it  first 
encounters  the  glass/nickel  interface.  If  debonding  occurs  on  this 
interface,  the  fiber  with  its  nickel  coating  intact  will  frictionally 
pullout  and  the  crack  can  only  later  interact  with  the  nickel/SiC 
interface.  Thus,  low  interfacial  strength  of  the  nickel/SiC  interface  does 
not  necessarily  produce  a low  toughening  increment. 

In  summary,  metallic  coating  on  reinforcing  fibers  offer  interesting 
possibilities  for  enhanced  toughening  of  ceramic  composites.  However, 
evidence  to  date  is  not  conclusive.  Further  work  will  concentrate  on 
improving  the  processing  conditions  so  that  a variety  of  glass/metal  and 
metal/fiber  interface  conditions  can  be  examined. 


c 

• i-H 
£ 
CD 

.a 

CUD 

3 

o 

E- 

QD 

CUD 

cti 

-4-> 

£ 

0) 

a 

CD 

Oh 


Thickness  of  Nickel  Coating(|im) 


Figure  4.  Toughening  increment  as  a function  of  fiber  coating. 
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NIST-1.2.  Real  Ceramic  Composite  Systems. 


A . Creep  Behavior  of  a SiC  Whisker-Reinforced  Al2 03  Composite 

Summary . Time  functions  of  creep  strain  and  creep  times  to  failure 
were  measured  for  a 25  wt%  SiC  whisker-reinforced  Al203  composite  with  4.9% 
porosity.  Beam  specimens  were  used  in  four-point  flexure  with  variously 
fixed  bending  moments  and  fixed  temperatures  between  1100  and  1300°C.  The 
overall  range  of  initial  stresses  on  the  outer  fiber  due  to  the  bending 
moments  varied  from  55  to  306  MPa,  but  the  range  at  each  temperature  was 
narrower.  Creep  strains  were  determined  from  load-point  displacement 
measurements.  The  results  of  34  experiments  were  outlined  earlier1. 

In  the  current  reporting  period  the  results  were  analyzed  to  evaluate 
secondary  creep-strain  rate  as  a function  of  the  initial  stress  on  the 
outer  fiber,  of  temperature,  and  of  time  to  failure.  Typically,  the 
observed  time  function  of  creep  strain  for  each  individual  beam  specimen 
exhibited  two  regions  of  behavior:  (1)  a primary  creep  mode  where  the  rate 
decreased  with  time  and  (2)  a secondary  creep  mode  where  the  rate  was 
invariant  with  time.  A customary  model  for  the  time  function  of  creep 
strain  was  adopted  to  represent  both  regions  of  behavior  for  all  the  creep 
tests.  Application  of  this  model  yields  secondary  strain  rates  that  appear 
to  have  endured  generally  over  more  than  half  the  duration  of  those  creep 
tests  which  ended  with  specimen  failure.  These  rates  vary  from  6x10" 8 to 
3x10' 3 h" 1 , assuming  both  linear  creep  with  applied  stress  and  no 
displacement  of  the  neutral  axis  of  flexure  from  the  geometric  center. 

At  fixed  temperatures  the  relationship  of  secondary  strain  rate  versus 
initial  stress  indicates  two  regions  of  behavior  which  could  be  separated 
by  a threshold  stress.  Norton's  power- law  function  of  stress4  represents 
the  secondary  strain  rate  at  stresses  above  the  threshold,  but  the 
secondary  strain  rate  at  stresses  below  the  threshold  are  much  lower  than 
what  Norton's  function  predicts  and  were  often  barely  detectable. 

A least- squares  fit  of  Norton's  function  of  stress  and  of  Arrhenius' 
function  of  temperature  was  applied  to  those  secondary  creep-strain  rates 
at  stresses  above  the  threshold  stress  at  each  temperature.  The  results 
give  a creep  index  of  5.4  ± 0.4  and  an  activation  energy  of 
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904  ± 40  kJ/mol,  where  the  uncertainties  are  standard  deviations  from  21 
tests.  Creep  strains  at  failure  were  observed  in  22  tests  to  vary  roughly 
from  0.2%  at  1100°C  to  2%  at  1300°C.  The  secondary  strain  rates  in  these 
tests  are  represented  by  Monkman- Grant ' s function  of  time  to  failure, 
varying  from  0.5  to  1000  h. 

Applied  Stress  and  Creep  Strain.  The  applied  stress,  a , in  four-point 
flexure  and  the  corresponding  creep  strain,  e,  were  calculated  by  the 
method  of  Hollenberg,  Terwilliger,  and  Gordon5.  Their  approach  assumes  the 
constitutive  law  of  a material,  namely,  that  the  strain  (and  strain  rate) 
can  be  separated  into  individual  functions  of  stress  and  time,  t,  as 

e (t ,a)  = a" J(t)  (3) 

where  n is  the  creep  index  and  J(t)  is  creep  compliance.  Using  the 
constitutive  law,  they  developed  expressions  which  relate  a and  € to  the 
creep  index,  the  applied  load,  F,  and  the  load-point  displacement,  y. 

Their  expressions  are  briefly  described  below. 

When  the  neutral  axis  of  flexure  is  assumed  to  be  at  the  center  of  the 
beam,  the  stress  on  the  outer  fiber  of  the  beam  is  given  by 

a/a1  = (2n+l)/3n  (4) 

where  ox  is  the  initial  linear  elastic  stress  on  the  outer  fiber, 

ax  = 3F(^2-i1)/2bh2  (5) 

In  the  present  work  the  major  and  minor  loading  spans  were  = 4-0  mm  and 
ix  = 10  mm,  respectively,  and  the  beam  dimensions  were  b = 4 mm  and 
h = 3 mm. 

The  corresponding  creep  strain  of  the  outer  fiber  is  given  by 

e/ex  = (n+2)(i2+2i1)/3[i2+i1(n+l)]  (6) 

where  e1  is  analogous  to  linear  elastic  strain, 
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ex  - 6hy/(^22+i1  i2 -2,?1  2 ) 


(7) 


Since  the  creep  index,  n,  has  yet  to  be  evaluated,  only  the  linear-creep 
values  of  stress  and  strain,  o1  and  e1 , can  be  evaluated  from  Eqs . (5)  and 
(7),  respectively,  at  this  stage  of  the  analysis. 

Time  Function  of  Creep  Strain.  A customary  creep  model6  was  adopted 
to  represent  creep  strain  as  a function  of  time.  This  model  consists  of  an 
elastic  element  in  parallel  with  a viscous  element,  and  this  compound  is  in 
series  with  another  viscous  element.  The  model  gives  the  time  function  of 
creep  strain  as 


e = ^sot1  - exp(-t/r)]  + €,t  (8) 

where  es  is  the  secondary  creep-strain  rate,  eso  is  the  y-intercept  of 

• • • 

creep  strain  of  the  secondary  mode,  r = eso/(€0-es),  and  e0  is  the  initial 
creep-strain  rate.  The  identity  of  these  parameters  is  consistent  with  the 
derivative  of  Eq . (8),  namely, 

e = ( € s 0 /r  ) exp ( - t/r  ) + es  (9) 

Figure  5 shows  a typical  time  function  of  creep  strain  for  a flexure 
specimen  with  a fixed  bending  moment  at  a fixed  temperature.  The  solid 
curve  shows  creep  strain,  e1 , which  was  calculated  from  Eq.(7),  and 
reflects  load-point  displacement  which  was  measured  as  a function  of  time. 
Preliminary  values  of  the  coefficients,  es , eso  and  r,  were  estimated  by  a 
leas t- squares  fit  of  Eq . (8)  in  which  was  substituted  for  e.  The  dashed 
curves  in  Figure  5 show  the  corresponding  predicted  values  of  strain  and 
strain  rate  from  Eqs.  (8)  and  (9),  respectively.  In  the  same  manner 
secondary  strain  rates,  es , were  estimated  for  all  of  the  creep  tests. 

While  the  predicted  strain  curves  generally  deviated  from  the  observed 
strain  curves  in  a systematic  pattern  as  indicated  in  Figure  5,  the 
deviations  were  generally  within  the  10' 4 sensitivity  of  the  strain 
measurements . 
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Figure  5. 


Figure  6 . 


Typical  creep  strain  as  a function  of  time  for  a flexure 
specimen  with  a fixed  bending  moment  at  a fixed  temperature. 
The  solid  curve  reflects  load-point  displacement  measurements. 
The  dashed  curves  show  predictions  of  strain  and  strain  rate 
from  a least-square  fit. 


Selected  curves  of  creep  strain  as  a function  of  time.  These 
curves  are  predictions  from  least-squares  fits.  Notice  that 
the  test  of  longest  duration  approaches  a barely  detectable 
strain  rate. 
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Figure  6 shows  time  functions  of  creep  strain  for  creep  tests  at 
selected  bending  moments  and  the  same  temperature.  Notice  that  primary 
creep  persisted  for  a prolonged  period,  but  eventually  secondary  creep 
appears  to  be  have  been  attained  and  to  have  endured  approximately  2/3  the 

duration  of  the  tests  shown.  The  ratio  of  initial  strain  rate  to  secondary 

• • 

strain  rate,  e0/es,  varies  from  1700  to  800  to  90  for  these  tests  at  149 
MPa,  200  MPa,  and  250  MPa,  respectively.  It  is  important  to  identify  the 
secondary  creep  mode  in  order  to  evaluate  a proper  value  of  strain  rate 
which  is  invariant  with  time;  otherwise  a strain  rate  taken  from  the 
primary  mode  would  be  seriously  overestimated.  This  problem  is  especially 
likely  to  arise  when  creep  tests  at  low  bending  moments  are  prematurely 
discontinued.  Several  hundred  hours  may  be  required  to  attain  the 
secondary  mode,  and  thousands  of  hours  required  before  the  test  ends  in 
failure . 

The  creep  index,  n,  can  be  evaluated  at  a given  temperature  as  the 
following  slope, 


n = dlog(es  )/dlog(cr)  (10) 

Corresponding  valves  of  o1  and  e1  from  Eqs . (5)  and  (7),  respectively,  can 
be  appropriately  substituted  in  Eq . (10)  because  the  constant  factors  on 
the  right-hand  side  of  Eqs.  (4)  and  (6)  merely  shift  the  logarithmic 
scales.  Figure  7 shows  these  estimates  of  secondary  creep-strain  rates  as 
a function  of  applied  stress  for  all  the  various  creep  tests  conducted  to 
date.  The  solid  circles  at  each  temperature  in  Figure  7 seem  to  follow 
straight-line  functions  whose  slopes  can  be  described  by  the  same  creep 
index,  which  will  be  evaluated  below;  but  the  open  circles  are  generally 
much  lower  than  what  these  solid  lines  would  predict,  indicating  a 
threshold  of  stress  at  the  respective  temperatures.  The  creep  curve  at  the 
stress  of  149  MPa  in  Figure  6,  for  example,  gives  a secondary  strain  rate 
that  is  plotted  as  an  open  circle  in  Figure  7.  Although  this  curve  shows  a 
considerable  amount  of  primary  creep  strain,  its  secondary  creep-strain 
rate  is  so  small  as  to  be  barely  detectable;  and  this  creep  test  has 
endured  for  an  exceedingly  long  time. 
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Figure  7. 


Figure  8. 


STRESS,  O!  / MPa 

70  100  150  200  300 


log10  (ai  / MPa) 

Secondary  creep-strain  rate  as  Norton's  function  of  initial 
stress  at  selected  temperatures.  The  open  circles  near  the 
leftward,  vertical -dashed  lines  show  exceedingly  low  strain 
rates,  indicating  a threshold  of  stress.  The  rightward 
vertical-dashed  lines  indicate  strengths  by  rapid  loading. 


STRESS,  ai  / MPa 

70  100  150  200  300 


Secondary  creep-strain  rate  as  Norton's  function  of  initial 
stress.  Those  points  which  were  observed  at  temperatures  other 
than  1200°C  were  temperature-corrected  to  1200°C.  The  solid 
line  is  a least-squares  fit. 
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Stress  and  Temperature  Functions.  The  secondary  creep-strain  rate  can 
usually  be  described  by  the  product  of  Norton's  power- law  function  of 
applied  stress  and  Arrhenius'  function  of  temperature, 

es  = A • an • exp ( -Q/RT)  (11) 

where  A is  a constant,  Q is  the  creep  activation  energy,  T is  the  absolute 
temperature,  and  R = 8.3143  J-K~1mol~1.  The  logarithm  of  Eq.  (11)  was 
fitted  by  a method  of  least- squares  to  represent  those  secondary  creep- 
strain  rates  which  are  the  solid  circles  in  Figure  7.  The  results  give 
log10(A)  = 16.4  ± 0.8  for  es  in  h' 1 and  a in  MPa,  n = 5.4  ± 0.4,  and 
Q = 904  ± 40  kJ/mol,  where  the  uncertainties  are  standard  deviations  for  21 
experiments.  Figures  8 and  9 show  the  stress  and  temperature  functions, 
respectively,  for  the  secondary  creep-strain  rates.  The  ax  and  shown  in 
these  plots  can  be  corrected  by  o/ax  = 0.73  and  t/f-i  — 1.42,  using  n = 5.4 
in  Eqs . (4)  and  (6),  respectively.  The  points  in  Figures  8 and  9 are 
observed  values  which  were  temperature -corrected  and  stress-corrected, 
respectively,  using  the  least-squares  fitted  values  of  the  coefficients  in 
Eq.  (11). 

Creep  Time  to  Failure.  The  empirical  expression  proposed  by  Monkman 
and  Grant7  has  had  a significant  influence  on  the  development  of  creep 
fracture  models.  The  general  form  of  their  expression  is  given  as 

e/  -tf  = C (12) 

where  tf  is  the  duration  of  the  creep  test  to  specimen  failure,  and  /3  and  C 
are  constants.  The  logarithm  of  Eq . (12)  was  fitted  by  a least- squares 
method  to  evaluate  the  coefficients,  f}  = 0.78  ± 0.07  and  C = 0.031  ± 0.022 
in  hour  time  units,  where  the  uncertainties  are  standard  deviations  for  22 
measurements.  Figure  10  shows  the  Monkman-Grant  function  of  time  to 
failure  for  the  various  creep  tests  conducted  to  date. 


15 


TEMPERATURE,  T/°C 


Figure  9.  Secondary  creep-strain  rate  as  Arrhenius'  function  of 

temperature.  The  points  which  were  observed  at  initial 
stresses  other  than  150  MPa  were  stress -corrected  to  150  MPa. 
The  solid  line  is  a least- squares  fit. 


TIME  TO  FAILURE,  1 1 / h 
10  30  100  300  1000 


logio  (tf/h) 

Figure  10.  Secondary  creep-strain  rate  as  Monkman-Grant ' s function  of  time 
to  failure.  The  solid  line  is  a least-square  fit. 
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B. 


Microstructure  of  Crept  SiC„r/Al2 03  Composites 


Summary . The  creep  data  presented  and  analysed  in  the  previous 
section  displayed  two  different  types  of  behavior.  The  strain  rates  of 
specimens  tested  at  lower  stresses  decreased  with  time  to  extremely  low 
values  which  did  not  follow  the  linear  log  strain  rate/log  stress 
relationship  which  was  fitted  to  the  high  stress  data.  The  low  stress 
specimens  failed  after  considerably  longer  times  than  the  higher  stress 
specimens  for  which  the  minimum  strain  rates  were  orders  of  magnitude 
higher.  The  microstructures  of  as-received  specimens  and  specimens  crept 
to  failure  have  been  studied  using  optical  and  electron  microscopy  to 
determine  the  mechanisms  of  creep  and  the  reasons  for  the  two  regimes  of 
behavior.  Transmission  electron  microscopy  has  shown  that  both  as-received 
material  and  creep-ruptured  specimens  contained  cavitation  at  the 
whisker/Al2 03  grain  boundary  intersections  to  varying  degrees.  However, 
high  stress  specimens  contained  broken  whiskers  whereas  those  from  the  low 
stress  regime  did  not.  Based  on  these  micros tructural  observations,  the 
material  has  been  modeled  as  an  arrangement  of  elastic  and  viscous 
elements,  and  the  predictions  of  this  model  are  compared  with  the  data 
analysis  presented  in  the  previous  section. 

Experimental  Techniques  and  Results.  Polished  sections  of  the  various 
specimens  were  prepared  using  standard  metallographic  techniques;  the  final 
polish  was  performed  using  6 ^m  diamond  paste.  Specimens  for  transmission 
electron  microscopy  (TEM)  were  prepared  from  the  as-received  material  and 
from  the  regions  of  the  ruptured  test  specimens  between  the  loading 
rollers.  A diamond  saw  was  used  to  cut  thin  slices  parallel  to  the  tensile 
surface.  Disks  3 mm  in  diameter  were  ultrasonically  cut  from  the  slices 
and  the  disks  were  ground,  dimpled,  and  ion-milled  to  perforation. 

Polished  sections  of  the  as-received  composite  were  studied  in  the 
optical  microscope.  Sections  normal  (Fig  11a)  and  parallel  (Fig.  lib)  to 
the  hot-press  axis  revealed  that  the  material  was  inhomogeneous  and  that 
the  inhomogeneity  was  textured.  Regions  of  the  composite  with  a relatively 
high  density  of  whiskers  are  separated  by  bands  about  5 to  10  //m  wide  with 
a lower  whisker  fraction.  The  high  whisker  density  regions  are  equiaxed  in 
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(a)  As-received  material  normal  to 
hot-press  axis  with  reflected 
light. 


(c)  As-received  material,  same 
field  as  (a)  with  crossed 
polarizers . 


(b)  As-received  material  parallel 

to  hot-press  axis  with  reflected 
light. 


(d)  As-received  material,  same 
field  as  (b)  with  crossed 
polarizers . 


Figure  11.  Optical  micrographs. 
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the  plane  normal  to  the  hot-press  axis  (Fig.  11a),  but  the  section  parallel 
to  the  hot-press  axis  (Fig.  lib)  indicates  that  the  high  whisker  density 
regions  were  compressed  along  the  hot-press  axis  during  processing.  The 
material  also  contained  voids  2 to  10  /im  in  diameter.  Imaging  the  material 
under  crossed  polarizers  highlighted  the  inhomogeneity  in  whisker  density 
by  causing  the  regions  of  high  whisker  density  to  appear  lighter  than  the 
low  density  regions  as  can  be  seen  in  Figs.  11c  and  lid  which  are  of  the 
same  regions  as  Figs.  11a  and  lib  respectively. 

Optical  microscopy  of  specimens  crept  to  failure  at  1300°C  with 
initial  applied  outer  fibre  stresses  of  55  MPa,  100  MPa  and  117  MPa  was 
carried  out  on  polished  sections  normal  to  the  tensile/compressive  axis. 
There  was  no  evidence  of  cracking  at  the  tensile  surface  in  the  crept 
specimens  and  no  detectable  difference  in  gross  cavitation  between  the  as- 
received  and  crept  material.  It  has  been  pointed  out  that  to  observe 
evidence  of  damage  in  the  optical  microscope  or  the  SEM  (cracking  and  gross 
cavitation) , it  is  more  profitable  to  study  sections  parallel  to  the 
tensile/compressive  axis  and  normal  to  the  tensile  surface8 . This  work  is 
in  progress . 

TEM  examination  of  the  as-received  material  revealed  intragranular 
pores  in  the  Al203  and  cavities  at  some  of  the  triple  junctions  between 
whiskers  and  Al203  grain  boundaries.  However,  most  of  the  4.9%  porosity 
was  accounted  for  by  the  large  pores  observed  in  the  optical  micrographs 
(Fig.  11).  Pockets  of  glass  were  often  observed  at  Al203  grain 
boundary/SiC  whisker  triple  junctions  and  along  the  Al203/SiC  interface  as 
shown  in  the  diffuse  dark  field  micrograph  in  Fig.  12. 

Fig.  13  is  a low  magnification  TEM  micrograph  of  a specimen  crept  at 
1300°C  and  72  MPa  and  is  typical  of  all  the  specimens  studied.  The  large 
variation  in  thickness  is  caused  by  the  porosity  and  the  inhomogeneous 
distribution  of  whiskers.  It  was  observed  that  isolated  SiC  whiskers 
sputtered  away  more  rapidly  in  the  ion-miller  than  the  surrounding  Al203 , 
but  there  was  also  evidence  that  regions  of  the  specimen  with  low  whisker 
density  sputtered  more  rapidly.  These  two  pieces  of  data  appear  to  be 
contradictory,  but  may  be  explained  by  the  residual  stresses  that  result 
from  the  thermal  contraction  mismatch  between  SiC  and  Al203  which  would  be 
higher  in  the  high  whisker  density  regions.  It  is  speculated  that  the 
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Figure  12.  Diffuse  dark  field  TEM  micrograph  of  Al203  grain  boundary/SiC 
whisker  intersection  with  glassy  phase  at  triple  junction  and 
along  interface. 


Figure  13.  Low  magnification  TEM  micrograph  of  specimen  crept  at  1300°C 
and  72  MPa  showing  much  cavitation  and  significant  variations 
in  specimen  thickness. 


20 


residual  elastic  stresses  might  lead  to  a lowering  of  the  sputtering  rate. 

TEM  observations  were  made  on  the  microstructure  of  several  specimens 
tested  at  1300°C,  specifically  the  62  MPa  (1),  72  MPa  (2)  and  98  MPa  (3) 
specimens.  These  specimens  had  failure  times/strains  of  1001  h/1.07%, 

28  h/1.85%  and  5 h/1.98%  respectively.  Specimen  (1)  comes  from  the  low 
stress  regime  and  the  other  two  from  the  high  stress  regime;  the  applied 
stresses  differ  by  only  58%,  but  the  failure  times  range  over  more  than  two 
orders  of  magnitude.  Despite  the  large  differences  in  time- to-failure  for 
these  three  specimens,  there  was  little  difference  between  the  level  of 
cavitation  observed  at  the  Al203/SiC  triple  junctions,  although 
qualitatively  the  level  of  cavitation  appeared  to  be  greater  than  in  the 
as-received  material.  However,  specimens  (2)  and  (3)  both  contained  broken 
whiskers,  whereas  specimen  (1)  did  not.  Figs.  14  and  15  from  near  the 
tensile  and  compressive  surfaces  of  specimen  (3)  clearly  show  broken 
whiskers ; the  two  fracture  surfaces  can  be  seen  to  have  the  same 
morphology.  Cavitation  and  broken  whiskers  were  the  principal  evidence  of 
deformation  observed  in  these  specimens.  Little  dislocation  activity  was 
observed  in  the  specimens  beyond  small  angle  grain  boundaries  in  a few  of 
the  larger  Al203  grains.  However,  since  several  specimens  were  tested  in 
the  same  furnace  at  the  same  time,  the  specimens  were  not  necessarily 
removed  from  the  furnace  immediately  after  failure;  in  some  cases 
specimens  were  held  at  test  temperature  for  several  hours  after  failure,  so 
it  is  possible  that  any  dislocations  generated  during  creep  were  annealed 
out  of  the  Al203  grains  before  the  dislocation  structure  was  frozen  in. 

Discussion.  Apart  from  whisker  fracture,  there  was  little  difference 
in  microstructure  between  the  three  ruptured  specimens  that  could  be 
observed  by  TEM.  (It  should  be  noted  that  TEM  is  never  a truly 
quantitative  method  of  characterizing  microstructures).  Despite  the 
considerable  differences  in  their  failure  times,  the  failure  strains  of  the 
three  specimens  are  within  a factor  of  two  of  each  other.  It  is  suggested 
that  sliding  at  Al203/SiC  interfaces  and  cavitation  caused  by  the 
incomplete  accommodation  of  the  sliding  were  the  primary  deformation 
mechanism  in  all  the  specimens.  In  specimen  (1)  where  no  whisker  fracture 
occurred,  the  whisker  network  retained  its  original  strength,  and,  once  the 
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Figure  14.  TEM  micrograph  taken  from  near  tensile  surface  of  specimen 
crept  at  1300°C  and  98  MPa  showing  whisker  fracture. 


Figure  15.  TEM  micrograph  taken  from  near  compressive  surface  of  specimen 
crept  at  1300°C  and  98  MPa  showing  whisker  fracture. 
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stress  had  been  transferred  to  the  network  by  creep  of  the  alumina,  the 
deformation  of  the  specimen  practically  ceased.  In  specimens  (2)  and  (3) 
where  the  applied  stresses  were  higher,  fracture  of  whiskers  resulted  in  a 
decreasing  strength  for  the  network  and  continuing  creep  deformation  with 
time . 

Porter9  has  suggested  that  these  composite  materials,  in  their 
response  to  an  applied  stress,  can  be  modeled  as  an  elastic  element  (the 
network  of  SiC  fibers)  in  parallel  with  a viscous  element  (dashpot  A) 
representing  the  alumina  matrix,  this  Kelvin-Voigt  compound  element  being 
in  series  with  another  viscous  element  (dashpot  B)  representing  the  non- 
recoverable  deformation  of  the  composite  which  is  caused  by  broken 
whiskers.  The  stress  response  of  the  Kelvin-Voigt  compound  element 
consists  of  shedding  load  from  dashpot  A to  the  spring  which  eventually 
supports  all  the  load  such  that  the  steady  state  strain  rate  is  zero. 
Dashpot  B deforms  at  a steady  state.  This  model  was  used  in  the  previous 
section  to  analyze  the  experimental  data  with  some  success.  The  agreement 
between  experimental  data  and  the  model  are  best  for  short  times  and  at 
high  stresses. 

The  observations  of  the  deformed  specimens  described  above  lead  to  the 
suggestion  of  a different  model.  This  consists  of  a Kelvin-Voigt  compound 
element  with  the  addition  of  a highly  non-linear  dashpot  (C)  in  series  with 
the  spring  to  model  the  effect  of  whisker  fracture.  The  observations 
indicate  that  at  low  applied  stresses  the  whiskers  in  the  composite  do  not 
break.  Therefore  dashpot  C does  not  deform  and  the  model  reduces  to  a 
Kelvin-Voigt  element  for  which  the  steady  state  strain  rate  is  zero.  When 
the  applied  stress  is  high  enough  to  cause  whisker  fracture,  the  effective 
elastic  modulus  of  the  whisker  network  begins  to  decrease  in  a way  which  is 

non-linear  in  both  time  and  stress  and  can  be  modeled  by  the  flow  of  a non- 

linear dashpot. 

Chuang  et  al.10  have  analysed  the  flexural  creep  of  a bend  test  bar 
which  they  model  as  an  array  of  identical  compound  elements  aligned  with 
the  bar  and  arranged  across  the  bar  from  the  tensile  to  compressive 
surfaces.  They  considered  the  case  of  a Maxwell  element,  i.e.  a spring  and 

dashpot  in  series,  and  allowed  for  the  fact  that  creep  in  tension  and 

compression  typically  have  different  stress  exponents.  The  equilibration 
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of  stress  among  the  elements  in  such  a model  is  a complex  time-dependent 
process  with  a time  constant  that  varies  as  CTa1_n  where  aa  is  the  initial 
applied  stress  and  n is  the  compressive  stress  creep  exponent.  Thus  the 
time  to  establish  steady  state  flexural  creep  rises  as  the  initial  applied 
stress  falls  although  the  exact  dependence  on  stress  cannot  be  given,  as 
accurate  data  for  n are  not  available.  For  all  stresses,  the  time  taken  to 
establish  steady  state  flexural  creep  is  at  least  an  order  of  magnitude 
larger  than  for  tensile  or  compressive  creep.  The  extension  of  this 
technique  to  different  models,  in  particular  the  modified  Kelvin-Voigt 
element  described  above,  is  under  consideration. 

Cone lus ions . The  creep  data  for  SiC  whisker-reinforced  Al203 
presented  in  the  previous  section  show  two  different  regimes  of  response  to 
a range  of  applied  stresses  at  a given  temperature.  The  creep  strain 
versus  time  data  have  been  fitted  to  a rheological  equation  that  is  based 
on  a reasonable  viscoelastic  model  of  the  composite  material.  The 
secondary  creep-strain  rate  data  in  the  high-stress  regime  have  been 
analyzed,  using  Norton's  power- law  function  of  stress  and  Arrhenius' 
inverse- temperature  function.  Transmission  electron  microscopy  of  ruptured 
specimens  in  the  two  regimes  indicates  that  specimens  tested  at  higher 
stresses  contain  broken  whiskers  whereas  lower  stress  specimens  do  not.  It 
is  suggested  that  below  a threshold  stress  for  whisker  fracture  the 
material  tends  to  a steady  state  strain  rate  of  zero,  but  above  this  stress 
whisker  fracture  leads  to  continuing  deformation  culminating  in  rupture. 
Based  on  the  microstructural  observations,  a modified  Kelvin-Voigt  model 
for  the  creep  behavior  of  the  composite  has  been  proposed. 
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A silicon  carbide  fiber  used  as  reinforcement  in  a borosilicate  glass  matrix  has  been 
shown  to  enhance  the  fracture  toughness  of  the  glass  by  as  much  as  22%.  A ductile  nickel 
coating  on  the  fiber  was  found  to  reduce  the  interfacial  shear  strength  and  the  frictional 
sliding  between  the  fibers  and  the  glass  matrix,  but  any  influence  that  the  thickness  of  the 
nickel  coating  has  on  toughening  was  not  conclusive. 

Time  functions  of  creep  strain  and  creep  times  to  failure  were  measured  for  a 25  wt%  SiC 
whisker-reinforced  Alo0  composite  with  A. 9%  porosity.  Beam  specimens  were  used  in  four-point 
flexure  with  variously  fixed  bending  moments  and  fixed  temperatures  between  1100  and  1300°C. 

The  results  were  analyzed  to  evaluate  secondary  creep-strain  rate  as  a function  of  stress  on 
the  outer  fiber,  of  temperature,  and  of  time  to  failure. 

The  secondary  creep-strain  rates  of  specimens  tested  at  lower  stresses  did  not  follow  a 
power-law  function  of  stress  which  was  fitted  to  the  high  stress  data.  The  microstructure 
of  as-received  specimens  and  specimens  crept  to  failure  were  studied  using  optical  and 
electron  microscopy  to  determine  the  mechanisms  of  creep  in  the  two  stress  regimes.  Both 
kind  of  specimens  contained  cavitation  at  the  whisker /Al^O^  grain  boundary  intersections  to 
varying  degrees.  However,  high  stress  specimens  contained  broken  whiskers  whereas  those  from 
the  low  stress  regime  did  not. 
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